Mucolipidosis type IV is an autosomal recessive lysosomal storage disorder characterized by severe neurodegeneration, achlorhydria, and visual impairments such as corneal opacity and strabismus. The disease arises due to mutations in a group 2 transient receptor potential (TRP)-related cation channel, TRPML1. Mammals encode two additional TRPML proteins named TRPML2 and TRPML3. Information regarding the propensity of these proteins to multimerize, their subcellular distribution and mechanisms that regulate their trafficking are limited. Here we demonstrate that TRPMLs interact to form homo-and heteromultimers. Moreover, the presence of either TRPML1 or TRPML2 specifically influences the spatial distribution of TRPML3. TRPML1 and TRPML2 homomultimers are lysosomal proteins, whereas TRPML3 homomultimers are in the endoplasmic reticulum. However, TRPML3 localizes to lysosomes when coexpressed with either TRPML1 or TRPML2 and is comparably mislocalized when lysosomal targeting of TRPML1 and TRPML2 is disrupted. Conversely, TRPML3 does not cause retention of TRPML1 or TRPML2 in the endoplasmic reticulum. These data demonstrate that there is a hierarchy controlling the subcellular distributions of the TRPMLs such that TRPML1 and TRPML2 dictate the localization of TRPML3 and not vice versa.
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Mucolipidosis type IV (MLIV)
2 is a developmental disorder with a variety of clinical manifestations ranging from achlorhydria to neurodegeneration, psychomotor retardation, and visual impairments (1) (2) (3) . The disease is a lysosomal storage disorder associated with lysosomal accumulation of macromolecules such as sphingolipids, phospholipids, and mucopolysaccharides (1) . It was reported previously that MLIV does not appear to be due to defects in the activities of lysosomal enzymes but rather from perturbations in membrane sorting and trafficking during late steps in endocytosis and lysosomal biogenesis (4) . However, a recent study indicates that cells obtained from patients with MLIV are characterized by over-acidified lysosomes and reduced acidic lipase activity (5) .
MLIV is a consequence of mutations in a member of the group 2 subset of TRP cation channels (6) referred to as TRPML1 (Mucolipin1) (7) (8) (9) . The group 2 TRPs also include TRPP proteins, two of which are disrupted in autosomal dominant polycystic kidney disease (6) . Members of the five group 1 TRP subfamilies (TRPC, TRPV, TRPM, TRPA, and TRPN) are only distantly related to the TRPML and TRPP proteins, although all TRP channels contain six transmembrane segments.
TRPML1 has been localized to late endosomes and lysosomes (10, 11) , and this spatial distribution, combined with phenotypic analyses of cells isolated from MLIV patients, led to the proposal that TRPML is required for lysosomal reformation/biogenesis (11) . This conclusion is further supported by functional analyses of the Caenorhabditis elegans TRPML homolog, CUP-5 (12) (13) (14) (15) . Recently, TRPML1 has been reported to be a proton-leak channel in the lysosomes, thereby preventing excessive acidification of the lysosomal lumen (5) .
In addition to TRPML1, mammals encode two other highly related proteins, TRPML2 and TRPML3, although the subcellular distributions of these latter proteins have not been defined. Nevertheless, mutations in mouse TRPML3 (encoded by mcoln3) have been shown to be responsible for the hearing, vestibular, and pigmentation defects associated with varitint-waddler mice (16) .
A feature of many TRPs is their ability to heteromultimerize with closely related members within the same subfamily (17) (18) (19) (20) (21) (22) (23) . However, it is not known whether group 2 TRP channels, such as the TRPMLs, share this characteristic.
In this report we used a fluorescence resonance energy transfer (FRET)-based approach to demonstrate that each TRPML protein was capable of forming homo-and heteromultimers with other members of the TRPML subfamily. Furthermore, we show that the subcellular distribution of TRPML3 is dictated by TRPML1 or TRPML2. When expressed individually, TRPML1 and TRPML2 were lysosomal membrane proteins whereas TRPML3 was retained in the ER. In contrast, when TRPML3 was coexpressed with either TRPML1 or TRPML2, it translocated to the lysosomes. Mislocalization of TRPML1 or TRPML2 to the plasma membrane, due to mutations in lysosomal targeting sequences or as result of interfering with clathrin-mediated endocytosis, caused a similar plasma membrane distribution of TRPML3. Since TRPML3 did not influence the localization of TRPML1 or TRPML2, these latter TRPML family members were dominant over TRPML3 with respect to trafficking.
EXPERIMENTAL PROCEDURES
Plasmids and cDNAs-The TRPML1 (GenBank TM accession number NM020533) and TRPML3 (GenBank TM accession number NM134160) expressed sequence tags (Invitrogen) cDNAs were subcloned into the pcDNA3.1 vector (Invitrogen). The TRPML2 clone was a gift from Sharon Matthews and Dr. Andrew Scharenberg (University of Washington). The truncated mutants described in supplemental Fig. S5 are TRPML1⌬1 (removal of C-terminal LLVN; supplemental Fig. S5B ), TRPML1⌬2 (removal of the first 15 amino acids following the initiation methionine; supplemental Fig. S5C ), TRPML1⌬3 (combination of the C-and N-terminal deletions; supplemental Fig. S5D ) and TRPML2⌬1 (removal of the C-terminal DRLILID; supplemental Fig. S5F ) were generated by PCR-mediated mutagenesis and subcloned into pcDNA3.1 (Invitrogen). The amo cDNA was previously described (24) . To fuse TRPML1, -2, and -3 or AMO with enhanced YFP or enhanced CFP their translation STOP codons were replaced by in-frame XhoI or EcoRI restriction sites and then subcloned into the appropriate pcDNA3-CFP or -YFP fusion vectors (18) . To fuse TRPML1-3, TRPML1⌬1-3, and TRPML2⌬1 with the HA tag, their STOP codons were replaced by the sequence encoding the HA tag followed by an in-frame XhoI restriction site and subcloned into pcDNA3.1. Sun-YFP and -CFP constructs have been described previously (25) . The LAMP3 cDNA was provided by Dr. S. Gould (The Johns Hopkins University School of Medicine). ER-YFP was generated by fusing the ER-targeting sequence of calreticulin with a KDEL-retrieval sequence (EGFP-ER vector; Clontech) and subcloning into pcDNA3-YFP. GFP-Rab11 was provided by Dr. A. Hubbard (The Johns Hopkins University School of Medicine). TRPC6-YFP was described previously (26) . GFP-Golgin160 was provided by Dr. C. Machamer (The Johns Hopkins University School of Medicine). Rab7 cDNA was obtained from the ATCC and was fused at its C terminus to the HA tag. Plasmids for expression of wild-type Dynamin 1a and Dynamin 1aK44A were obtained from Dr. A. Morielli (University of Vermont College of Medicine). AP180 cDNA clones were obtained from Drs. H. McMahon (Medical Research Council, Cambridge, UK) and E. Ungewickell (Hannover Medical School, Hannover, Germany).
Antibodies Used-Rabbit polyclonal anti-HA and mouse monoclonal anti-MYC antibodies were from Sigma, rabbit polyclonal Rab5 and Rab8 antibodies were from Santa Cruz Biotechnology, and all Alexaconjugated anti-rabbit and anti-mouse secondary antibodies were from Molecular Probes.
Cell Culture and Transient Transfections-HEK293 cells were cultured in Dulbecco's minimum essential medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen) and plated on poly-Dlysine-coated 35-mM glass bottom microwell dishes (Mattek Corp.) 24 h prior to transfection. 3 l of FuGENE 6 (Roche Applied Science) was used per g of DNA used for transfection. Cells were used 72 h posttransfection. For the confocal studies, exactly 1 g of each construct was used per dish in an attempt to ensure equal expression of the various constructs.
FRET-The TRPML proteins, which were fused to either CFP or YFP, were coexpressed in HEK293 cells. The vectors encoding the TRPML-YFP fusions were introduced at a slight excess to minimize the probability of TRPML-CFP-only multimers. The live cells were imaged at normal ambient temperature using an Axiovert 135 TV microscope (Zeiss) with a Plan-APOCHROMAT 100ϫ oil immersion objective (N.A. 1.4) (Zeiss) and a CoolSnap HQ CCD camera (Photometrics). Excitation and emission wavelengths were controlled by filter wheels (Ludl) included in the excitation and emission paths, respectively. In a subset of experiments, an Olympus IX70 inverted microscope equipped with a polychrome IV monochromator (TILL Photonics), an Olympus 40ϫ UApo objective, a Sensicam CCD camera (PCO), and a Lambda 10-2 emission filter wheel (Sutter Instruments) were used, essentially as previously described (18, 19) . For the acceptor-bleach protocol, cells were excited at 4 -5-s intervals for 100 -200 ms at 440 nM for CFP detection and for 100 ms at 512 nM for YFP detection. After 10 base-line excitation cycles, an additional 4 -4.5-s bleach pulse at 512 nM was added to each cycle. This procedure resulted in photobleaching of Ͼ80% of the YFP signal within the observation time frame. A total of 40 -60 cycles were used. Image time series were acquired, and data were extracted from regions of interest. A region of interest in the close vicinity of the cell was subtracted as background. FRET efficiencies were calculated as the relative increase in CFP fluorescence after a nearly saturating photobleach of the FRET acceptor, YFP (Ͼ80%). In the majority of the experiments, the linear correlation of CFP increase and YFP decrease was evaluated by plotting the increasing CFP emission versus the decreasing YFP emission.
Immunofluorescence and Confocal Microscopy-Cells cultured on 35-mM microwell dishes were fixed in 4% paraformaldehyde (EM Sciences) for 30 min. For immunofluorescence stainings, the cells were permeabilized with 0.1% Triton X-100 for 30 min, blocked in 
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Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum for 1 h before incubating with primary and Alexa Fluor-conjugated secondary antibodies for 1 h each. The cells were washed with 1ϫ phosphate-buffered saline between all steps and finally covered with Vectashield imaging medium (Vector) before observation. To observe DAPI staining, Vectashield with DAPI (Vector) was used. To visualize both YFP and LysoTracker-Red (Molecular Probes, Eugene, OR), we added 100 nM LysoTracker-Red to the growth medium and incubated the cells at 37°C for 2 h before processing the cells as above. All confocal images were obtained at room temperature with the UltraView II confocal setup (PerkinElmer Life Sciences) equipped with an Axiovert 200 microscope (Zeiss) using a Plan-APOCHROMAT 100ϫ oil immersion objective (N.A. 1.4) (Zeiss) and a OCRA-ER CCD camera (Hamamatsu). Pinhole setting was adjusted to allow acquisition of sections as thin as 0.5 m. The UltraView image acquisition software was used to acquire images at 360, 488, and 568 nm and to perform colocalization analyses of merged images. Variability in the correlation coefficients due to differences in the expression levels and intensities of the fluorophores was minimized by: 1) transfecting the same amounts of each DNA to obtain approximately equal expression levels of the various constructs, 2) acquiring the images for the analyses at low exposures to prevent bleaching and saturation of pixels, which would lead to bleed-through to adjoining pixels, and 3) rapidly identifying the cells under the microscope to prevent selective bleaching of a particular fluorophore. Under these conditions, coexpression of two or more molecules did not change their respective fluorescence intensities, compared with when they are expressed alone (see supplemental were below saturation to prevent overestimation of the correlation coefficients. Fixation of the samples with paraformaldehyde did not significantly alter the fluorescent intensities of YFP and GFP in these experiments (data not shown) and therefore did not affect our conclusions.
Surface Biotinylation-HEK293 cells cultured on 10 cm plates (75-80% confluence) were transfected with: 1) TRPML1-HA alone, 2) TRPML1-HA and Dyn1aK44A, 3) TRPML1-HA and full length-AP180, and 4) TRPML1⌬3-HA alone. 10 M tunicamycin (Sigma) was added 30 min post-transfection to inhibit N-glycosylation of TRPML1 or TRPML1⌬3. Surface biotinylation was performed 24 h post-transfection using a cell surface protein biotinylation and purification kit (Pierce) as per the manufacturer's instructions. The biotinylated and 0.5% input extracts were run on 12% SDS-PAGE gels and transferred to nitrocellulose membranes (Amersham Biosciences), and Western blots were performed. Rabbit polyclonal anti-HA antibody (Sigma) was used as the primary antibody (1:5000 dilution) and horseradish peroxidase-conjugated anti-rabbit donkey IgG (Amersham Biosciences) was used as the secondary antibody (1:10,000 dilution). The membranes were exposed to Kodak XAR film for 1 h each. Following development, the intensities of the bands were determined by densitometry (Scion Image, Scion Corp.). The intensities of the biotinylated bands were normalized to unsaturated bands of the 0.5% input.
Northern Blot Analysis-Total RNA was prepared (TRIzol reagent, Invitrogen) from the T98G glioma cell line. Poly(A) ϩ RNA was purified using an Oligotex Kit (Qiagen). RNAs (0.5 g) were fractioned on a formaldehyde-agarose gel and blotted onto a Hybond-N (Amersham Biosciences) membrane. The 2-h prehybridization and overnight hybridization were at 65°C in 0.5 M phosphate (pH 7.0), 4% SDS and 1% bovine serum albumin. The human TRPML1, -2, and -3 cDNA probes (nucleotides 682-1740, 147-1291, and 97-1303 of the coding sequences, respectively) had specific activities of 3.4, 2.3, and 2.7 ϫ 10 9 cpm/g, respectively, and were used at concentrations of 3.4, 2.3, and 2.7 ϫ 10 6 cpm/ml hybridization solution, respectively. The blots were washed at 55°C in 0.1 ϫ SSC, 0.1% SDS for 20 min and subsequently hybridized with a human ␤-actin control probe (0.62 ϫ 10 9 cpm/g, 0.4 ϫ 10 6 cpm/ml) under the same conditions.
RESULTS
FRET Signals Generated between TRPML-YFP/CFP-To determine whether the three TRPML proteins can interact to form homo-and heteromultimers, we utilized a FRET-based approach. We fused either yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP) to the C termini of each of the three TRPMLs and coexpressed these proteins in HEK293 cells in various combinations. The presence of FRET between two tagged proteins is characterized by an increase in the CFP emission intensity upon photobleach of YFP and indicates that the proteins are in extremely close proximity since fluorescence resonance energy transfer occurs only when the fluorophores are separated by very small distances (27) .
We found that there were high FRET efficiencies between each of the TRPML proteins in all combinations, suggesting that the TRPMLs form homo-and heteromultimeric interactions (Fig. 1, A, B , and F ). We found a linear relationship between the CFP increase and YFP (Fig. 1E ) as has been demonstrated for other TRPs (18, 19, 28) . In contrast to these results, coexpression of TRPMLs with two other proteins with multiple transmembrane domains did not result in FRET. These include the Drosophila TRPP protein AMO (Almost there) (24, 29) (Fig. 1, C and  F ) , which is also a group 2 TRP, and the lysosomal associated tetraspanin, referred to as Sun (Sunglasses) (25) (Fig. 1, D and F ) . The lack of FRET between the TRPML and either AMO or Sun was not due a failure to express these latter proteins, as there were significant FRET efficiencies between Sun-YFP/Sun-CFP and AMO-YFP/AMO-CFP (Fig. 1F ) . Since TRPML1 and Sun are both lysosomal membrane proteins, the high FRET efficiencies between the various TRPMLs did not appear to be a simple consequence of coexpression in the same organelle.
If the native TRPMLs form heteromultimers, then they must be coexpressed, in at least some cell types. Consistent with this possibility, we found that the RNAs encoding all three TRPMLs were coexpressed in an available glioma cell line (supplemental Fig. S1 ). TRPML1 and TRPML2 Are Lysosomal Membrane Proteins, whereas TRPML3 Is Retained in the ER-The high FRET efficiencies between the three TRPML proteins suggest that they display the same or highly overlapping spatial distributions. TRPML1 has been reported to be a lysosomal protein (10, 11) ; however, the localizations of TRPML2 and TRPML3 have not been described. To determine the subcellular distribution of each of the TRPML proteins, we compared the spatial distributions of the tagged TRPMLs with markers that stain various organelles. Both TRPML1-YFP and TRPML2-YFP decorated the periphery of vesicles labeled by the lysosomal marker, LysoTracker-Red (Fig. 2, A-C and D-F ) . LysoTracker accumulates in the lumen of acidic vesicles such as lysosomes and multivesicular bodies (MVBs) (30) . Both TRPML1 and TRPML2 are detected in the cortical region of these vesicles, rather than in the lumen where LysoTracker and proteins that comprise the lysosomalproteolytic machinery are found (31) (Fig. 2, G-I) . The variability in the size of vesicles labeled by LysoTracker (Fig. 2, B, E, and H) is normal for HEK293 cells and does not appear to be a consequence of TRPML expression as the size of LysoTracker stained vesicles shows similar variability in untransfected HEK293 cells (supplemental Fig.  S2, A-D) .
Neither TRPML1 nor TRPML2 co-localized significantly with markers labeling other intracellular organelles such as the ER (supplemental Fig. S3, A-F ) , Golgi (GFP-Golgin160 (32)) (supplemental Fig. S3 , G and 
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H ), early endosomes (Rab5 (33)) (supplemental Fig. S3 , J and K ); late endosomes (Rab7-HA (33)) (supplemental Fig. S3, M and N) and secretory vesicles (Rab8 (33)) (supplemental Fig. S3, P and Q) .
Additional evidence that TRPML1 and TRPML2 were lysosomal membrane proteins was that HA tagged versions of these proteins colocalized with other integral and peripheral membrane proteins associated with lysosomal membranes. These include the tetraspanin LAMP-3 (34), which consists of four transmembrane domains (LAMP3-YFP; Fig. 2 , J-L and M-O) and the Rab-GTPase Rab11 (Fig. 2 , P-R and S-U ), which is associated with the membranes of lysosomes and MVBs in addition to recycling vesicles (35) . Thus, we conclude that both TRPML1 and TRPML2 are lysosomal associated membrane proteins.
In contrast to TRPML1 and TRPML2, we found that TRPML3-HA showed the greatest overlap with an ER membrane marker (ER-YFP; Fig. 3, A-C) . TRPML3 showed negligible overlap with markers labeling The extent of colocalization of the TRPMLs with the different organellar markers was quantified by calculating the correlation coefficients of the TRPMLs with each marker. TRPML1 and TRPML2 showed the highest correlation coefficients with the lysosomal/MVB markers LAMP3 and Rab11 (Fig. 3, M and N) , whereas TRPML3 displayed a comparably high colocalization only with the ER marker (Fig.  3O) . The colocalizations of the TRPMLs with these markers did not appear to be influenced by alterations in expression levels due to coexpression with the marker proteins, since the relative expression of TRPML3 was similar if expressed alone or in combination with other proteins (supplemental Fig. S4, A-F ) .
Coexpression with TRPML1 or TRPML2 Causes TRPML3 to Be Localized in the Lysosomes-An apparent paradox is that TRPML3 can interact with either TRPML1 or TRPML2, yet it shows a subcellular localization distinct from TRPML1 and TRPML2. To address this conundrum, we considered whether the spatial distribution of TRPML3 was altered upon coexpression with either TRPML1 or TRPML2. We found that upon coexpression, TRPML3 showed significant overlap with either TRPML1 or TRPML2 (Fig. 4, A-C and D-F ) . Furthermore, such coexpression resulted in a large increase in the lysosomal/MVB localization of TRPML3 and a concomitant decrease in ER retention (Fig. 4, G-M) . These data suggest that TRPML3 is cotrafficked with either TRPML1 or TRPML2 to the lysosomes/MVBs as a result of heteromultimerization. Moreover, the spatial distributions of TRPML1 or TRPML2 were unchanged when coexpressed with TRPML3 (data not shown). Thus, either TRPML1 or TRPML2 affected the localization of TRPML3 but not vice versa. The localization of TRPML3 in lysosomes, when coexpressed with other TRPMLs, did not appear to be influenced by changes its expression level as the relative intensities of the TRPML3 immunofluorescence were similar in the presence or absence of TRPML1 (supplemental Fig. S4, A and D-F ) .
To test whether the preceding results were cell line-dependent, we repeated the experiments in a fibroblast cell line, NIH3T3 cells. In accordance with the results in HEK293 cells, we found that both TRPML1 and TRPML2 were lysosomal membrane proteins (co-localized with LAMP3-YFP; Fig. 5 , A-D and E-H ), whereas TRPML3 localized primarily to the ER when expressed in the absence of either TRPML1 or TRPML2 (co-localized with ER-YFP; Fig. 5, I-L) . Upon coexpression with either TRPML1 or TRPML2, we found that TRPML3 was present in the lysosomes, as demonstrated by colocalization with LAMP3-YFP (Fig. 5, 
M-P and Q-T ).
Mislocalization of TRPML3 Induced by Mutations That Alter Lysosomal Localization of TRPML1/TRPML2-To provide additional evidence that TRPML3 cotrafficked with TRPML1 and TRPML2 we set out to determine whether mutations that disrupt the lysosomal localization of TRPML1 and TRPML2 might in turn cause a similar mislocalization of wild-type TRPML3. Therefore, we scanned the TRPML1 and TRPML2 sequences for motifs similar to known lysosomal targeting signals (36) . Both TRPML1 and TRPML2 contained one type of motif (di-leucine motif: [D/E]XXXL[L/I]), situated near the N and C termini of TRPML1 (supplemental Fig. S5A ; ETERLL and EEHSLL, respectively) and near the C terminus of TRPML2 (supplemental Fig.  S5E; DRLILI) . Removal of the C-terminal di-leucine sequence of TRPML1 (supplemental Fig. S5B, TRPML1⌬1 ) did not alter lysosomal localization (Fig. 6, A-C) . However, deletion of either the N-terminal or both the N-and C-terminal di-leucine sequences (supplemental Fig. S5 , C and D; TRPML1⌬2 and TRPML1⌬3, respectively) disrupted lysosomal localization and enhanced cortical distribution as indicated by colocalization with the plasma membrane cation channel TRPC6 (26) (Fig.  6, D-F and G-I) . Deletion of the C-terminal di-leucine motif of TRPML2 (supplemental Fig. S5F ; TRPML2⌬1) also disrupted its lysosomal localization and resulted in a cortical distribution similar to that of TRPC6 (Fig. 6, J-L) .
If the subcellular distribution of TRPML3 is controlled by TRPML1 or TRPML2, then TRPML3 should display an increased cortical distribution when coexpressed with either TRPML1⌬2 or TRPML2⌬1. Consistent with this proposal, we found that the cortical appearance of TRPML3-YFP increased when it was coexpressed with TRPML1⌬2 or TRPML2⌬1 (Fig. 6, O and R, respectively) .
Mislocalization of TRPML3 by Interfering with Clathrin-mediated Endocytosis-The preceding data indicate that the distribution of wildtype TRPML3 mirrors that of either TRPML1 or TRPML2. To lend further support to this conclusion, we attempted to alter the localizations of wild-type TRPML1 or TRPML2 by disrupting the relevant proteins involved in clathrin mediated endocytosis and lysosomal targeting, rather than by mutating the TRPML sequences.
To interfere with clathrin-mediated endocytosis, we used a dominant negative form of Dynamin 1a (Dyn1a), a mechano-enzyme that utilizes the energy of GTP-hydrolysis to cause scission of membranes during clathrin-mediated endocytosis at the plasma membrane or transGolgi network (37, 38) . The dominant negative mutant of Dyn1a (Dyn1aK44A) is incapable of binding GTP and inhibits clathrin-mediated endocytosis (37, 39) . Expression of TRPML1-YFP with wild-type Dyn1a did not alter its normal lysosomal localization (Fig. 7, A and B) . However, expression of TRPML1-YFP with Dyn1aK44A decreased lysosomal localization and resulted in significant cortical distribution reminiscent of the pattern of TRPML1⌬2 and TRPML1⌬3 (Fig. 7C) . Similar results were obtained with TRPML2 (Fig. 7, E-G) . AP180 is another protein that modulates clathrin-mediated endocytosis (40). Full-length AP180 binds clathrin and causes it to be distributed into a lattice-like pattern thereby preventing clathrin-coated pit formation and clathrin-mediated endocytosis (40). When expressed with either TRPML1-YFP or TRPML2-YFP, full-length AP180 decreased lysosomal targeting and induced significant cortical localization (Fig. 7, D and  H) . In contrast to the effects on TRPML1 and TRPML2, wild-type Dyn1a, Dyn1aK44A, and full length-AP180 had no effect on the local- ization of TRPML3 when expressed in the absence of other TRPMLs (Fig. 7, I-L) . However, Dyn1aK44A caused cortical localization of TRPML3 when it was coexpressed with either TRPML1 or TRPML2 (Fig. 7, O and S) . Similar results were obtained when TRPML3 was coexpressed with TRPML1 or TRPML2 and full length-AP180 (Fig. 7 , P and T, respectively). Thus when expressed together, the spatial distribution of TRPML3 always parallels that of either TRPML1 or TRPML2.
Mislocalized TRPML1 Is Inserted into the Plasma Membrane-We performed surface biotinylation to determine if the mislocalized TRPML1 is inserted into the plasma membrane or whether it remains in vesicles subjacent to the plasma membrane. The baseline surface labeling of predominantly lysosomal TRPML1 has been reported previously (10) . Here we show that upon inhibition of clathrin-mediated endocytosis with full-length AP180 or Dyn1aK44A the surface labeling of TRPML1 increases 2.5-3-fold (2.5 Ϯ 0.4-fold and 3.0 Ϯ 0.6-fold, respectively; Fig. 7, U and V) . The increase in surface labeling of TRPML1⌬3 due to absence of the lysosomal targeting motif is even more striking (4.1 Ϯ 0.5-fold, Fig. 7, U and V) . These results indicate that TRPML1 inserted into the plasma membrane upon inhibition of clathrin-mediated endocytosis or as a result of mutation of its lysosomal targeting motif.
DISCUSSION
Our data provide four independent lines of evidence supporting the conclusions that the TRPML proteins form heteromultimers and such interactions dictate the subcellular localization of TRPML3. First, using a FRET-based approach we found that the TRPML proteins associate in all combinations. Second, the localization of TRPML3 was altered in the presence of TRPML1 or TRPML2. When expressed alone, TRPML3 was primarily found in the ER. However, in the presence of the lysosomal-associated TRPML1 or TRPML2 proteins, we detected TRPML3 in the lysosomes. These latter observations were consistent with the presence of lysosomal targeting di-leucine motifs in TRPML1 and TRPML2 but not TRPML3. Third, mutations in the di-leucine motifs, which induce cortical localization of TRPML1 or TRPML2, cause a similar change in the spatial distribution of coexpressed wild-type TRPML3. Fourth, TRPML3 displayed an increased cortical pattern when coexpressed with either wild-type TRPML1 or TRPML2 along with proteins that interfere with clathrin-mediated endocytosis. Such a dependence of one protein on another lysosomal protein for its appropriate localization is reminiscent of the requirement of the ␣ chain of hexosaminidase on the ␤ chain to reach the lysosomes. Absence of the ␤ chain and the consequent mislocalization of the ␣ chain underlies Sandhoff's disease (41, 42) .
While the localization of TRPML3 was altered in the presence of either of the other TRPMLs, TRPML3 did not impact on the localization TRPML1 or TRPML2. Thus, there was a hierarchy of control concerning the spatial distributions, such that TRPML1 and TRPML2 were dominant over TRPML3. This hierarchy could be established simply because TRPML1 and TRPML2 have signals directing them to the lysosomes, which are absent in TRPML3. Consistent with this proposal, we found that the mutated forms of TRPML1 or TRPML2 (TRPML1⌬2, TRPML1⌬3, and TRPML2⌬1), which accumulate in the cortical region when expressed alone, are trafficked to the lysosomes upon coexpression with wild-type TRPML1 or TRPML2 (data not show). However, it is possible that heteromultimerization with either TRPML1 or TRPML2 also causes masking of putative ER-retention signals in TRPML3. Consistent with the proposal that TRPMLs may form heteromultimers in vivo, we found that all three TRPML RNAs were expressed in a human cell line, as assessed by Northern blot analysis. However, due to the paucity of effective antibodies, it remains to be shown in native cells whether the TRPML proteins are coexpressed and whether the localization of TRPML3 depends on TRPML1 and TRPML2.
The current results raise the intriguing possibility that heteromultimerization induced trafficking of TRPML3 to the lysosomes is required for normal lysosomal function and that at least some of the symptoms of MLIV may be attributable to defects in lysosomal localization of TRPML3. Whether the localization of TRPML3 is disrupted in patients with mutations that eliminate or greatly reduce the concentration of TRPML1 (1, 43, 44) awaits the generation of antibodies that recognize the endogenous TRPML3 protein. The cells were subsequently stained with antirabbit Alexa568-conjugated secondary antibodies (A-C, and E) or with both anti-rabbit Alexa568-and anti-mouse Alexa488-conjugated secondary antibodies (D). The cells were imaged at normal ambient temperature using an Axiovert 135 TV microscope (Zeiss) with a Plan-APOCHROMAT 40x oil immersion objective (N.A. 1.4) (Zeiss) and a CoolSnap HQ CCD camera (Photometrics) at the excitation wavelengths of 568 nm (TRPML3-HA) and 488 nm (ER-YFP, LAMP3-YFP and TRPML1-MYC). Only the cells that showed fluorescence at both wavelengths were used for analysis (except when TRPML3-HA was expressed alone). For the analysis, each cell that showed fluorescence at the two wavelengths was selected by choosing a region of interest (ROI) around it. Subsequently, the average TRPML3-associated fluorescence intensity of this cell was determined by measuring the average fluorescence intensity of the ROI TRPML1 TRPML1  TRPML2 TRPML2  TRPML3 TRPML3  Golgin160 Golgin160  Golgin160 Golgin160  Golgin160 Golgin160   TRPML1 TRPML1  TRPML2 TRPML2  TRPML3 TRPML3  Rab5 Rab5   Rab7 Rab7   Rab5 Rab5  Rab5 Rab5   TRPML1 TRPML1  TRPML2 TRPML2  TRPML3 
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